Introduction
Palynologists who have dealt with palaeoanthropological excavation sites are aware of the pressure to provide an environmental picture from pollen data, even when the quality of pollen assemblages does not warrant reliable answers. The major taphonomic constraints and the potential for pollen analysis in these sites, especially in the case of sediments poor in organic matter, have not been satisfactorily assessed by palynologists, physical anthropologists and archaeologists. Although palynology has formed part of interdisciplinary research for decades, many interpretations of pollen assemblages in archaeological and palaeontological sites have gone too far in their claims as is suggested by Sánchez-Goñ i (1994) and Carrión et al. (1995a) .
We present new pollen results from carbonate rocks of the renowned australopithecine-bearing cave Sterkfontein, Gauteng in South Africa (Clarke & Tobias, 1995) . They support our view that palynology is not always applicable in these deposits because of poor pollen contents and the great chance of contamination. Sterkfontein, like other South African sites, is well placed for the recognition of recent pollen contamination in cave deposits because both the atmosphere (Cadman, 1991) and modern surface soil (Scott, 1995) contain a strong signal of recently introduced elements from the floras of other continents.
The cave deposits available for palynological investigations in solution cavities are limited. In this paper we are not dealing with the organic material like packrat middens or hyrax dung (Betancourt et al., 1990; Scott, 1994) , or with unconsolidated floor deposits in caves (Carrión, 1992) , but with consolidated carbonate impregnated materials. The midden and dung deposits have their own problems but they are useful because of their richness in pollen. Unconsolidated cave floor deposits can be problematic under conditions of dampness, oxidation and microorganism activity, but successful in arid areas where they can be ruled out (Davis, 1990; Carrión, 1992; Scott, 1987) . The most typical and obvious consolidated sediments to experiment with in hominid caverns like Sterkfontein (Partridge and Watt, 1991) , are the so-called breccias which consist of clastic elements including silt, sand, gravel and bone cemented together by carbonate crystals (Horowitz, 1975) . The original aerated environment before the cementation process even started may not be good for pollen preservation. Cementation could have happened once or more often during the long history of cave sediments and may have involved several cycles of dissolution and recrystallization. Oxidation associated with these processes are likely to have destroyed the pollen grains which originally formed part of a breccia matrix. The resultant breccia rocks are often porous, which may allow percolation and incorporation of younger pollen through recrystallization (Scott, 1982a; Scott & Bonnefille, 1986) . Breccias may contain coprolites (fossil dung pellets) that are capsules in which pollen may be protected from processes in surrounding matrix. However, those from Makapansgat were not productive and only coprolites from unconsolidated cave sediments e.g., those in Equus Cave, have proved to be useful (Scott, 1987 (Scott, , 1995 . Flow stones or speleothems like stalagmites or travertines which consist of pure carbonate precipitated from flowing or drip-water, can trap pollen grains if the precipitation locality is in contact with the atmosphere outside the cavern (Bastin, 1979; Scott & Bonnefille, 1986; Burney et al., 1994) . If the original lamination is still visible, it is not likely that destructive processes such as recrystallization have affected the pollen.
The first palynological study at Sterkfontein was carried out by Horowitz (1975) , from one big breccia sample of Member 5 of the Sterkfontein Formation (Partridge & Watt, 1991) , which was compared with a sample of recent soil from the site. He processed almost 2·5 kg of travertine, recorded thousands of pollen grains in the slides, and suggested open Plio/Pleistocene grassland vegetation and dry climate for the time when the cave sediments were accumulated, and inferred a warmer and more humid climate for a subsequent phase of travertine consolidation. This amelioration was deduced from an assemblage reputedly containing Podocarpus (yellow wood) and Euphorbia (candelabra trees) pollen (Horowitz, 1975) , an unusual combination from an ecological point of view. Further work by Scott (1982a) and Scott & Bonnefille (1986) drew attention to caveats associated with the palynology of the South African hominid deposits. Re-investigating the material from Sterkfontein, they showed that the pollen spectra had been subject to contamination, at least by Pinus, which is similar in appearance to Podocarpus. In addition, exposed travertines and breccias from Members 4 and 5 were investigated in the context of a wider study including similar hominid deposits nearby, namely at Kromdraai and Swartkrans. From Sterkfontein and Kromdraai, only rare samples were found to be relatively free of exotic pollen contaminants and suggested open grassland with some Protea woodland (Scott & Bonnefille, 1986; Scott, 1995) . These samples comprise stalagmite and travertine material, and appear to be more suitable for pollen analysis than the breccias. They have low porosity, which diminishes the chances of post-depositional water percolation, fresh pollen penetration, recrystallization and oxidation of organic contents. Contaminants can be cemented to their outer surfaces, but are easy to remove.
Since the results of Scott & Bonnefille (1986) and Scott (1995) suggested that travertines have potential, a series of these samples from borehole cores of the sediments, supplied by Partridge, were also examined (Partridge & Watt, 1991) . No results of this work are reported here (Scott, unpublished data) because the samples proved to be unproductive, possibly because the travertines formed in underground chambers with no direct contact with the outside atmosphere and its microscopic dust and pollen. The negative results prompted us to investigate larger samples of travertine in order to see if this will improve the pollen counts.
Methods
Samples were taken for pollen from Members 4 and 5 of the Sterkfontein Formation. The locations according to the grid map of Kuman (1994) are shown in Table 1 . The samples ranging in weight between ca. 150 g and 3·5 kg (Table 2) were broken from surface exposures. They consisted of pure white calcium carbonate with no visible porosity such as in breccias. Long-term trapping experiments have shown that it is possible to virtually eliminate pollen contamination within a laboratory if certain techniques are employed (Burney & Burney, 1993; D. Burney, pers. comm.) . Although the processing was not done in a laboratory with positive air pressure as is recommended, it happened during winter when atmospheric pollen concentration is at its lowest. Routine palynological processing of fossil materials in this laboratory over several years suggested that pollen contamination is very rare but noticeable in the form of, for example, exotic Platanus pollen, derived from plants near the laboratory. In order to purify the samples, roughly the outer centimetre of sediment was dissolved by 10% hydrochloric acid. The resulting liquid contained palynomorphs that included fresh and light-coloured pollen grains with cell contents, a sure sign that they are derived from the modern environment. HCl treatment on the cleaned sample followed and because of the high calcium carbonate content of the sample and the big volumes treated, the procedure of dissolution took several days in a fume cupboard, in closed containers to avoid air contamination of pollen. The preparation followed the standard HF methods, with heavy liquid mineral separation using ZnCl 2 solution with a specific gravity of 2 (Gray, 1965) . Acetolysis, the method which artificially ''fossilizes'' pollen, was not undertaken in order to distinguish possible contaminants.
Results
Given that, in most cases, a statistically valid pollen count was not obtained for calculating percentages, we present the original counts in Table 2 . One of the samples (#2010) contained no pollen at all. Only one (#2004) exceeded a total of 200 pollen grains but these were mostly not well preserved. Palynomorph concentrations were extremely low: from 19 to 628 grains per kilogram (including cryptogam spores). However, we found considerable pollen diversity of taxa typical of the pristine South 
     
African environment in the surroundings of the Gauteng province, e.g., Combretaceae, Sapotaceae, Rhus, Diospyros, Acacia, Poaceae (Scott, 1982b) . Pollen grains from exotic plants were found in comparatively high numbers (Pinus, Cedrus, Cupressaceae, (Scott, 1992) , the algal Type 229 (van Geel et al., 1989) , and a diversity of fern spores including Aspleniumlike sporomorphs. Indicators of organic matter decomposition such as Gelasinospora and some plant parasites like Tilletia, were present, but, among the fungi, the most abundant were the Glomus chlamidospores. In some archaeological beds, Glomus was shown to coincide with events of root activity, soil removal, and reworking of pollen assemblages (Carrión et al., 1995b) . They possibly represent recent processes, but the situation could be different in the carbonate strata of Sterkfontein where Glomus may well have been introduced by water and/or dust at an earlier time in speleothem history.
Discussion
As their quantities are relatively low and some of them showed cytoplasm, we cannot exclude the possibility that despite precautions, a number of exotic pollen grains settled in the samples out of the air during the lengthy laboratory processing. This is a problem that one would not expect in smaller and richer samples, like the material studied by Burney et al. (1994) from Drotsky's Cave. The contamination would imply even lower pollen concentrations for the travertines. The other possibility is that contaminants were already incorporated in the travertine layers and were not effectively removed by our pre-treatment. This would imply some recent localized decalcification and subsequent recrystallization of the sediment several millimeters below the surfaces of samples, and seems unlikely. Although precautions can minimize it, contamination can in fact come from anywhere and the main problem is to recognize it. Apparently some pollen grains in the studied travertines are really of ancient origin but their numbers are low. The low concentrations may hypothetically be the result of deposition in chambers with no direct contact with the atmosphere outside the cave. It is difficult to know how far the studied sample localities were from the nearest ancient cave opening, what its size was, and if ventilation was enough to allow pollen and dust transport. Taphonomic evidence of pollen input in modern caves is restricted to a couple of studies in which Tauber traps (Burney & Burney, 1993) and sticky microscope slides (Coles & Gilbertson, 1994) were used. Burney & Burney (1993) showed that pollen influx decreases steeply toward the rear of caves, but more experiments are needed that relate pollen settlement in the inner cave surfaces with topographic features of differently shaped caves. In view of the available results it is clear that, up to now, very little pollen data are available for reconstructing the palaeoenvironments experienced by Sterkfontein hominids. Most of the lithological members exposed in the present excavations and reported on in previous studies, especially breccia, seem to have been percolated by rainwater and recent pollen, which is likely because of its porosity. These carbonate-rich sediments either do not contain enough fossil pollen, or the concentration is very low and difficult to distinguish from contaminants. Increasing the sample size in the travertines is not an acceptable solution, as it is likely to amplify contamination (Scott, 1982a) , while chronological control of such big samples poses another problem.
Responding to Scott & Bonnefille (1986) , Horowitz (1992) questioned what share of known contaminants should preclude the use of an entire pollen spectrum. For instance, he does not agree that the whole spectrum of Sterkfontein breccia (Horowitz, 1975) should be discarded as contaminated. Some other papers reporting pollen diagrams from similar breccia deposits in the 405       australopithecine site, Makapansgat, in South Africa such as those by Cadman & Rayner (1989) , Rayner et al. (1993) and Zavada & Cadman (1993) rest on the same principle and deal with contamination as a solvable problem. Based on low frequency, differences in pollen wall colour and preservation of the eucalypt and pine pollen, Zavada & Cadman (1993) , for instance, attribute these forms to post-depositional contamination. These researchers offer palaeoclimatic interpretations after excluding what they consider to be contaminant pollen.
In our view, it is impossible to exclude all pollen contaminants because those that are from indigenous plants will not be recognizable except for a few containing fresh cell contents. Elimination of recognizable contaminants does not ensure that the rest of a spectrum is free of contamination. Further, it appears logical that if a pollen spectrum contains contaminants from the modern environment, it could also contain contaminants from different times during its history. Such contamination could, however, only have happened at such times when the cave was open to externally derived material, and only when cavernous conditions were amenable to the incorporation of pollen grains into soluble or porous layers. For instance, we know that modern exotics to South Africa, like pines and eucalypts, could only have been incorporated in sediments during recent times, but grass pollen may well have been incorporated at any time after deposition due to percolation or recrystallization. We do, however, believe that contamination from the modern environment is more likely, especially after sealed sediments have been opened and exposed by excavations.
We do not necessarily suggest that every breccia and travertine deposit within a cave sedimentary system is unsuitable for pollen analysis, although we believe breccias are more hazardous. Successful cases of stalagmite investigation have been reported (Bastin, 1979; Scott & Bonnefille, 1986; Brook et al., 1990; Carrión, 1992; Burney et al., 1994; Scott, 1995) , showing that good potential exists. Stalagmites can be pollen traps, particularly if they are close to cave openings. At Wonderwerk Cave, South Africa, the position of a stalagmite in the cave entrance next to the surrounding vegetation outside, accounts for a reasonable pollen concentration (G. Brook & L. Scott, unpublished data) . In the case of Sterkfontein and Kromdraai (Scott & Bonnefille, 1986) , the presence of high proportions of Protea could well be a good indicator of an ancient origin for part of the pollen assemblages because these forms did not show up in modern surface samples at the site (Scott, 1995) .
Despite the scarcity of pollen in carbonate rich cave sediments, preservation of macrobotanical remains has in fact been observed at Sterkfontein (Bamford, 1999) . Although breccias from different members of the Sterkfontein Formation have been investigated for pollen, the precise locality in Member 4 which yielded macro-plant remains has not been tested for pollen. If this is found to be without pollen remains we will have to assume that fossil size played a role in preservation. It will be useful to continue looking for pollen in unusual inclusions of breccias, which may have preserved pollen more effectively, e.g., coprolites (Scott, 1987) . Although some clay balls from the Member 2 breccia at Sterkfontein, which were provided by Dr Ron Clarke, were barren, the search for pollen in similar inclusions should be continued.
Unfortunately, low pollen concentrations and the presence of contaminants are typical in important palaeontological sites. This is the case for the Spanish sites of Cova Negra, Cueva del Salt, Cueva de Nerja, Cueva Victoria and Venta Micena (unpublished data). In another site at Atapuerca, analysis of a 6-meter section showed that a large part 406 . .    .  of it is sterile while the rest is not rich in pollen (Garcia-Anton & Sainz-Ollero, 1991) . The absence of pollen, or poor concentrations, has also been confirmed by a more recent study (Y. Fernandez-Jalvo & L. Scott, unpublished data) . Here the possibility of contamination cannot yet be detected as easily as in the case of some South African sites, like Sterkfontein, where many exotic plants occur in the vicinity. At sites in regions not characterized by largescale exotic plant introductions, contaminant pollen grains will be difficult to detect, especially if acetolysis treatment makes them indistinguishable from fossil grains.
In further studies, we must be alert to possible indicators of percolation, particularly if the deposits have been exposed to the elements for a long time before sampling. We recommend that, if possible, samples should be taken as soon as possible after opening the sections to avoid penetration of modern pollen into the exposed porous breccia. In view of the pitfalls in the palynological study of carbonate-impregnated cave sediments, and despite the arduous efforts involved in this work, we should be cautious about drawing palaeoecological conclusions from doubtful pollen assemblages, and excavators should not expect palynology to be a magic wand. Nevertheless, in some cases where careful consideration of the quality of cave pollen assemblages can eliminate the possibility of contamination, they may provide useful insights into past environments associated with hominids.
